Calorie restriction (CR) induces enhanced insulin-stimulated glucose uptake in fast-twitch (type II) muscle from old rats, but the effect of CR on slow-twitch (type I) muscle from old rats is unknown. The purpose of this study was to assess insulin-stimulated glucose uptake and phosphorylation of key insulin signaling proteins in isolated epitrochlearis (fasttwitch) and soleus (slow-twitch) muscles from 24-month-old ad libitum fed and CR (consuming 65% of ad libitum, intake) rats. Muscles were incubated with and without 1.2 nM insulin. CR versus ad libitum rats had greater insulinstimulated glucose uptake and Akt phosphorylation (pAkt) on T308 and S473 for both muscles incubated with insulin. GLUT4 protein abundance and phosphorylation of the insulin receptor (Y1162/1163) and AS160 (T642) were unaltered by CR in both muscles. These results implicate enhanced pAkt as a potential mechanism for the CR-induced increase in insulin-stimulated glucose uptake by the fast-twitch epitrochlearis and slow-twitch soleus of old rats.
1
C ALORIE restriction (CR; ie, consuming ~ 60 % -75% of ad libitum, AL, intake) without malnutrition leads to improved function and health in many species ( 1 , 2 ) . One of the hallmarks of CR is an increase in whole -body insulin sensitivity ( 3 -6 ) . Given that skeletal muscle accounts for the greatest amount of whole body glucose disposal ( 7 ), it is not surprising that CR leads to increased insulin-mediated glucose uptake by skeletal muscle ( 3 , 8 , 9 ) .
Because skeletal muscle is a heterogeneous tissue that is composed of type I (slow-twitch) and type II (fast-twitch) fi bers that differ on the basis of contractile and metabolic properties, it is valuable to assess muscles with differing fi ber type compositions to gain a full understanding of CR effects. Previous research on adult rats or mice has reported that CR leads to greater insulin-stimulated glucose uptake (ISGU) in skeletal muscles composed primarily of type I (soleus) or type II (epitrochlearis or extensor digitorum longus) fi bers ( 10 -13 ) . In isolated muscle, CR increases ISGU in the primarily type II epitrochlearis muscle of 23 -month-old rats ( 14 , 15 ) , but there have been no reports on insulin-stimulated uptake in a predominantly type I muscle of old rats.
A number of earlier studies have evaluated the underlying mechanisms for improved insulin sensitivity in skeletal muscle from adult rats. Most of the previous studies have reported little or no CR effect on the abundance of GLUT4 ( 13 , 14 , 16 , 17 ) , the insulin-regulated glucose transporter protein. We have performed a series of studies that characterized the effects of CR on key insulin signaling proteins in skeletal muscle. Insulin-induced phosphorylation of Akt is essential for ISGU ( 18 ) . In this context, it is signifi cant that the most consistent and substantial increase in insulin signaling with CR in skeletal muscle has been an increase in insulin-mediated phosphorylation of Akt ( 11 -13 , 19 -21 ) . Insulin-stimulated Akt phosphorylation was increased by CR in both the soleus (composed of ~ 90% type I fi bers) and the epitrochlearis ( ~ 90% type II fi bers) in 9 -month-old rats ( 13 ) .
In view of the striking CR effect on Akt phosphorylation in adult animals, it is clearly relevant to identify the Akt substrate(s) that regulate ISGU . This link between Akt and glucose uptake was discovered by Sano and colleagues ( 22 , 23 ) who identifi ed a protein that they called Akt s ubstrate of 160 kDa (AS160; also known as TBC1D4). They found that AS160 was phosphorylated by Akt in response to insulin and that the phosphorylation of AS160 modulated ISGU . They also convincingly demonstrated that Thr642 of AS160 was the most important insulin-regulated Akt phosphosite for insulin-mediated glucose uptake ( 22 In contrast to the relatively extensive amount of research on the mechanisms for the CR-induced elevation in ISGU in muscles from adult animals, little is known about CR effects on insulin signaling in muscle from old rats. A few studies have evaluated the infl uence of CR on insulin receptor function in skeletal muscle of old rats ( 16 , 24 , 25 ) , but these studies did not determine if there were fi ber type differences. The effects of CR on Akt or AS160 phosphorylation in insulin-stimulated muscle from old rats, regardless of fi ber type, have not been reported. Furthermore, the infl uence of CR on GLUT4 abundance in the epitrochlearis and soleus of old rats is unknown.
The goal of the current study was to begin to fi ll some of these gaps in knowledge with regard to CR effects on skeletal muscle insulin signaling, GLUT4 , and glucose transport in old rats. A novel aspect of the experiment was to assess CR effects on ISGU by both predominantly type I (soleus) and predominantly type II (epitrochlearis) skeletal muscles of old rats. In addition, in the same muscles, we probed the infl uence of CR on the phosphorylation of key insulin signaling proteins, including the insulin receptor, Akt , and AS160. Finally, we determined if CR resulted in altered expression of GLUT4 protein in the soleus and epitrochlearis of old rats.
E xperimental P rocedures

Materials
Unless otherwise noted, all chemicals were purchased from Sigma Chemical (St Louis, MO) 
Animal Care
Procedures for animal care were approved by the University of Michigan Committee on Use and Care of Animals. CR and AL male Fischer 344 × Brown Norway, F1 generation rats were obtained at 23 months of age from the National Institute of Aging Calorie Restriction Colony and were individually housed for a month prior to experimentation. CR was initiated at 14 weeks of age with 90% of AL, increased to 75% of AL at 15 weeks, and to 60% of AL at 16 weeks, a level maintained until 23 months of age. Upon arrival at the Michigan animal facility, rats were housed individually in shoebox cages and maintained on a 12:12-h ours light -dark cycle (lights out at 17 : 00 pm ) in specifi c pathogenfree conditions. The AL group had AL access to the NIH31 chow for the duration of the study. The CR group received NIH31/NIA -fortifi ed chow (Test Diet), which contains extra vitamin supplementation to provide CR animals with a level of vitamins similar to that of animals allowed AL access to the NIH31 diet. The CR group received 60 % -65% of the intake of the AL group daily during the fi nal month of the study. All rats were fed between 15 : 30 pm and 16 : 30 pm each day, and food intake of both groups was measured daily. All rats were weighed weekly at the same time of day. Muscle experiments were performed on AL ( N = 12 ) and CR ( N = 13) fed rats at 24 months of age.
Muscle Dissection and Incubation
Food was removed from the cages of all rats on the morning of the experimental day between 07:00 and 08:00 h ours . Rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg) between 10:30 and 13:30 h ours . Upon loss of pedal refl exes, soleus and epitrochlearis muscles were removed and rapidly rinsed in warm (35 ° C) Krebs-Henseleit buffer (KHB). Muscles were longitudinally split into strips of similar size for each muscle ( two strips for each epitrochlearis and four strips for each soleus). Muscles strips were subsequently placed in vials containing the appropriate media shaking and continuous gassing (95% O 2 /5% CO 2 ) in a heated (35 ° C) water bath. In the fi rst incubation step, all muscles were incubated in vials containing 2 m L KHB supplemented with 0.1% bovine serum albumin (BSA), 2 mM sodium pyruvate, 6 mM mannitol as a rinse step for 30 minutes. In the second incubation step, all muscles were incubated in vials containing 2 m L KHB supplemented with 0.1% BSA, 2 mM sodium pyruvate, 6 mM mannitol, and either 0 nM (basal) or 1.2 nM insulin for 30 min utes . All muscles were then transferred to a third vial containing 2 m L of KHB/BSA solution, the same insulin concentration as the previous step, 1 mM 2-DG ( including a fi nal specifi c activity of 2.25 mCi/mmol [ 3 H]-2-DG), and 9 mM mannitol (including a fi nal specifi c activity of 0.022 mCi/mmol [ 14 C]-mannitol) for 20 min utes . Following the third incubation step, muscles were rapidly blotted on fi lter paper moistened with ice-cold KHB, trimmed, freezeclamped using aluminum tongs cooled in liquid nitrogen, and stored at − 80 o C for later processing and analysis.
Muscle Lysate Preparation
Frozen muscles were weighed, transferred to microfuge tubes , and homogenized in ice-cold lysis buffer (1 m L /muscle) using a Qiagen TissueLyser II (Valencia, CA). The lysis buffer contained Tissue Protein Extraction Reagent (Thermo Scientifi c, Rockford, IL; # 78510) supplemented with 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM sodium vanadate (Na 3 VO 4 ), 1 mM β -glycerophosphate, 1 μ g/ m L leupeptin, and 1 mM phenylmethylsulfonyl fluoride. Homogenates were transferred to microfuge tubes, rotated for 1 h ours at 4°C, and then centrifuged (15,000 g ) for 15 min utes (4 o C) to remove insoluble material. Protein concentration was measured using the bicinchoninic acid method (Pierce Biotechnology, Rockford, IL; # 23225).
Immunoblotting
Equal amounts of protein from each sample were mixed with 6× Laemmli buffer, boiled with sodium dodecyl sulfate loading buffer for 5 min utes , separated by 10% sodium dodecyl sulfate -polyacrylamide gel electrophoresis , and then transferred to nitrocellulose. Membranes were rinsed with Tris-buffered saline plus Tween-20 (TBST; 0.14 mol/ L NaCl, 0.02 mol/ L Tris base, pH 7.6, and 0.1% Tween-20), blocked with 5% BSA in TBST for 1 h ours at room temperature , and transferred to primary antibody 1:1000 in TBST plus 5% BSA overnight at 4°C. Blots were washed 3 × 5 min utes with TBST and incubated in buffer containing the appropriate secondary antibody (1:20,000 dilution) for 1 h ours at room temperature. Membranes were then washed 3 × 5 min utes with TBST and subjected to enhanced chemiluminescence with West Dura Extended Duration Substrate (Pierce; # 34075) for visualization of protein bands. Immunoreactive proteins were quantifi ed by densitometry (AlphaEase FC ; Alpha Innotech, San Leandro, CA).
2-Deoxy-d -G lucose Uptake
Aliquots (200 μ L ) of the supernatants were combined in a vial with 10 m L of scintillation cocktail (Research Products International, Mount Prospect, IL) , and a scintillation counter (Perkin Elmer, Waltman, MA) was used to determine 3 H and 14 C disintegrations per min utes . These values were used to determine [ 3 H]-2-DG uptake as previously described ( 26 , 27 ) .
Statistical Analysis
A student ' s t test was used to compare AL and CR groups. Data are presented as mean ± SEM . A p value < .05 was considered statistically signifi cant.
R esults
Food Intake, Body Mass , and Mass of Muscle Strips
As intended, daily food intake for AL rats (18.4 ± 1.46 g) was greater ( p < .01) than for CR rats (12.0 ± 1.02 g; 65% of AL), and as expected, body mass was greater ( p < .05) for AL (533 ± 7 g) versus CR (302.5 ± 1.8 g) rats. Also as expected, the masses of the muscle strips used for ex vivo incubation were greater for the soleus ( p < .01) of AL (51.7 ± 2.5 mg) versus CR (42.0 ± 2.4 mg) rats and for the epitrochlearis ( p < .001) of AL (84.2 ± 3.2 mg) versus CR (58.5 ± 2.2 mg) rats.
2-Deoxy-d -G lucose Uptake
2-DG uptake in the absence of insulin for both the epitrochlearis ( p = .34) and soleus ( p = .16) was not significantly different between AL and CR rats ( Figure 1 ). 2-DG uptake with insulin was signifi cantly greater ( p < .05) for CR versus AL rats in both the epitrochlearis (56% increase) and the soleus (40% increase).
Protein Abundance
Insulin receptor abundance for the CR versus AL group was increased signifi cantly in the epitrochlearis (35% increase; p < .005) and tended to increase in the soleus ( p = .056 ; Figure 2 ). Akt abundance was decreased slightly for the CR compared with AL group in the epitrochlearis (9% decrease; p < .05 ; Figure 2 ). Akt abundance was increased with CR in the soleus (15% increase; p < .01). Neither total AS160 nor GLUT4 abundance in either muscle differed for AL versus CR rats ( Figure 2 ).
Insulin Receptor Phosphorylation
In the epitrochlearis, there were no diet effects on insulin receptor phosphorylation either with or without insulin ( Figure 3 ). There were also no signifi cant diet effects on insulin receptor phosphorylation in the soleus with or without insulin.
Akt Phosphorylation
In the absence of insulin, there was no diet effect observed on Akt phosphorylation on either T308 or S473 in the epitrochlearis or soleus ( Figures 4 and 5 ) . In both the epitrochlearis and the soleus under insulin-stimulated conditions, Akt phosphorylation was increased on both T308 (300% in epitrochlearis, p < .001; and 177% in soleus, p < .001) and S473 (350% increase in epitrochlearis, p < .001; and 94% in soleus, p < .001) for CR versus AL rats.
AS160 Phosphorylation
In both the epitrochlearis and soleus muscle, phosphorylation of AS160 at the T642 site did not differ between AL and CR animals in either the absence of insulin or with insulin stimulation ( Figure 6 ).
D iscussion
We previously demonstrated in 23 -month-old rats that CR leads to increased ISGU by the predominantly type II epitrochlearis muscle ( 14 , 15 ) , but the infl uence of CR on glucose uptake in primarily type I skeletal muscle from old rats had not been previously reported. It was important to fi ll this gap in knowledge because the ISGU rates of muscles composed of primarily type I fi bers are approximately two fold greater than muscles composed of predominantly type II fi bers ( 13 , 28 , 29 ) . Furthermore, relatively greater age-related insulin resistance has been reported for predominantly type I versus predominantly type II muscles from older rats ( 29 , 30 ) . The most important new fi ndings of the current study for isolated skeletal muscles with a physiological insulin concentration, old (24 -month-old) CR versus AL rats were: ( a ) glucose uptake was enhanced for both type I soleus and type II epitrochlearis; ( b ) GLUT4 abundance was unchanged in both the soleus and epitrochlearis; ( c ) insulin receptor phosphorylation was not altered by diet in either soleus or epitrochlearis; ( d ) Akt phosphorylation was enhanced in both the soleus and epitrochlearis; and ( e ) AS160 phosphorylation at T642 was unchanged by diet in both the soleus and epitrochlearis.
Total GLUT4 abundance is highly correlated to the capacity for ISGU in rat skeletal muscle ( 28 ) . However, total GLUT4 content was unaltered by CR in both the epitrochlearis and the soleus. These results were consistent with the previously published data for CR effect on GLUT4 in skeletal muscle of old rats. Wang and colleagues ( 16 ) reported that CR did not alter total GLUT4 content in the diaphragm of 29 -month-old rats. Because the diaphragm contracts continuously and chronic contraction can increase GLUT4 expression ( 31 ), the results of the current study for the soleus and epitrochlearis provided valuable new information. The absence of a CR effect on GLUT4 abundance in the soleus of 24 -month-old rats is consistent with the results that we previously reported for the soleus of 9 -month-old rats ( 13 ) . GLUT4 abundance in the epitrochlearis was also unaltered by CR in 24 -month-old rats, consistent with our previous results for the epitrochlearis of 8 -month-old rats ( 14 ) . However, in a recent study , we found a modest (22%) CR-induced increase in GLUT4 abundance in the epitrochlearis of 9 -month-old rats ( 13 ) . CR did not result in altered GLUT4 abundance in the vastus lateralis muscle from adult rhesus monkeys ( 32 ) . GLUT4 abundance in hind limb muscles from mice were unaltered ( 33 , 34 ) or increased ( 35 ) in response to CR. Taken together, a number of previous studies have established that even though skeletal muscle GLUT4 abundance is often unaltered by CR, improved insulin sensitivity is consistently reported with CR in adults. Furthermore, the current results clearly demonstrate that enhanced ISGU can occur in both type I and type II muscles of old rats in the absence of increased GLUT4 expression. The CR-induced enhancement on insulin-mediated glucose uptake in isolated epitrochlearis muscles from 5.5 -month-old rats is attributable to a proportional increase in GLUT4 translocation to the cell surface ( 19 ) . It seems reasonable to suspect that greater GLUT4 translocation may also mediate the CR-related elevation in ISGU of muscles from old rats. Because GLUT4 translocation is regulated by the insulinsignaling pathway, it was important that we also evaluated CR effects on key insulin signaling steps in muscles from old rats.
There was no CR effect on tyrosine1162/1163 phosphorylation of the insulin receptor for either muscle with a physiologic insulin dose. These tyrosine residues on the insulin receptor ' s β subunit are major regulatory sites that account for most of the receptor ' s insulin-mediated autophosphorylation and tyrosine kinase activity ( 36 ) . Furthermore, replacement of both of these tyrosine residues with phenylalanine residues results in a marked of reduction insulin-stimulated 2 -DG uptake ( 36 ) . The lack of a CR-related increase in insulin receptor tyrosine phosphorylation was found despite a moderate (35%) increase for insulin receptor abundance of the epitrochlearis of CR compared with AL rats. These results for insulin receptor abundance are reminiscent of the previously reported modest increase ( ~ 19%) in insulin receptor binding capacity ( B max ) for CR versus AL rats in the diaphragm of 29 -month-old rats ( 16 ) . Zhu and colleagues ( 24 , 25 ) reported that after 25 -month-old rats were injected with a high dose of insulin into the portal vein, gastrocnemius muscle (predominantly type II fi bers) from CR compared with AL animals had greater insulin receptor tyrosine phosphorylation. In 9 -month-old rats, we previously reported no signifi cant CR compared with AL differences for tyrosine phosphorylation of the insulin receptor from soleus or epitrochlearis muscles incubated with a physiologic insulin dose, but there was a CR-related increase in both muscles with a supraphysiologic insulin concentration ( 13 ) . These results suggest that CR effects on tyrosine phosphorylation of the insulin receptor in skeletal muscle may be insulin dose-dependent. Furthermore, the CR-related amplifi cation of post receptor signaling and glucose uptake in muscle stimulated by a physiologic insulin dose in the current study do not appear to be attributable to greater tyrosine phosphorylation of the insulin receptor.
We have consistently found a robust CR-induced increase in skeletal muscle Akt phosphorylation in skeletal muscle (both soleus and epitrochlearis) of young adult rats or mice ( 11 -13 , 37 ) . The current study was the fi rst to assess the infl uence of CR on Akt phosphorylation in skeletal muscle from old rats. Consistent with earlier results, CR versus AL rats had a striking increase in insulin-stimulated phosphorylation of the key regulatory sites of Akt (T308 and S473) in both muscles. The small CR effects on Akt abundance (15% increase in soleus and 9% decrease in epitrochlearis) were insuffi cient to account for the marked (177% increase in soleus and 300% increase in epitrochlearis for T308; 94% increase in soleus and 350% increase in epitrochlearis for S473) increases for Akt phosphorylation with CR. The dramatic increases in Akt phosphorylation with CR at a physiologic insulin dose occurred without an apparent change in upstream signaling at the insulin receptor, and these data are consistent with our previous results for the effect of CR on the soleus and epitrochlearis for 9 -month-old rats ( 13 ) .
AS160 is an Akt substrate and the most distal insulin signaling protein that is clearly implicated in insulin-mediated activation of glucose uptake in skeletal muscle ( 38 , 39 ) . The ability to phosphorylate AS160 on T642 is essential for the full effect of insulin on GLUT4 translocation and glucose uptake ( 22 , 23 , 38 , 40 ) . However, we found no evidence for diet-related changes in insulin-stimulated T642 phosphorylation in either the epitrochlearis or soleus muscle of old rats. Consistent with the current results, we previously reported that T642 phosphorylation of the insulin-stimulated soleus was unaltered by CR for 9 -month-old rats ( 13 ) . The lack of a CR effect on T642 phosphorylation of AS160 in the epitrochlearis with physiologic insulin in 24 -month-old rat differs from the CR-related increase in T642 for the epitrochlearis of 9 -month-old rats ( 13 ) . The explanation for the different results for T642 in the epitrochlearis of adult compared with old rats remains to be determined.
In conclusion, the most signifi cant new result was that the CR effect on ISGU was well preserved for both type I soleus and type II epitrochlearis of old rats. Furthermore, in both muscles, it seems likely that this increase is secondary, at least in part, to greater insulin-stimulated Akt phosphorylation. However, in neither muscle was insulin-stimulated AS160 T642 phosphorylation enhanced by CR. These results suggest that the mechanisms for improved ISGU in the epitrochlearis with CR may not be completely identical for adult compared with old rats. One plausible scenario is that CR may enhance AS160 phosphorylation on other phosphosites and/or elevate phosphorylation of other Akt substrates that are implicated in the regulation of glucose uptake (eg, TBC1D1 and CDP-138) ( 38 , 39 , 41 ) .
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